Abstract: This work reports on the analysis of optoelectronic oscillators (OEO) realized with various kinds of microstructured optical fibers (MOF) as delay lines. More precisely, the thermal dependence of the group delay is measured through the analysis of the thermal variation of the frequency of the OEO and compared with a theoretical model that includes the effect of temperature on refractive index, strains, and deformation. It is shown that, whereas the presence of air in air/silica fibers guiding via modified total internal reflection (M-TIR) has only little interest, it allows a net decrease of the thermal variation of the group delay in the case of hollow core photonic bandgap (HC-PBG) fiber. In addition to the effect of material, we show that this decrease is related to the PBG mechanism itself, which is a property also exploited in a solid-core photonic bandgap (SC-PBG) fiber.
Introduction
Optoelectronic oscillators (OEOs) are known to allow the generation of ultrahigh frequencies waves with high spectral purity [1] . This device is of interest in various fields of application such as telecommunications, geolocalization, or radioastronomy. However, its sensitivity to the temperature, like other fiber-based devices, is a strong drawback for its long-term stability. The frequency f osc generated by an OEO is related to the total delay , which is equal to the sum of the group delay induced by the fiber fiber and the group delay generated by the electronic line elec [2] . Hence, its thermal sensitivity is partly related to that of the guiding properties of the fiber, as can be seen in (1) , which describes the relative thermal variation of the frequency of the OEO induced by the fiber part [3] S f osc ¼ 1 f osc df osc dT ¼ À 1 þ elec fiber À1 S fiber (1) related to the relative thermal variation of the group delay induced by the fiber S fiber S fiber ¼ 1 fiber
which is expressed as the sum of two terms: 1) the relative thermal variation of group index n g of the guided mode and 2) the longitudinal thermal expansion coefficient of the optical fiber of length l.
Various studies of thermal stability of OEO based on conventional fibers have reported variation of the group delay of about ten parts per million per degree (ppm/K). Nevertheless, there exists a certain dissension on the exact values obtained which extend from 8 ppm/K to 12 ppm/K [3] , [4] . Moreover, on the basis of the principle that the thermal variation of the refractive index of air is much weaker than that of silica, specific studies were carried out on air/silica microstructured optical fiber (MOF) and it was concluded that air/silica modified total internal reflection (M-TIR) fibers could diminish this variation to 4.7 ppm/K [3] . More recently, a negative relative thermal variation of the group delay was reported for a hollow core photonic bandgap (HC-PBG) fiber [5] .
In addition to the differences in the results, the origin of the impact of temperature on the group delay is also source of debate. It is hence the aim of this work to propose an experimental study of very different MOF and to explain the results by a theoretical model that takes into account all the temperature-induced effects. Besides this, the effect of guiding mechanism is also investigated in very different fibers, especially in two kinds of PBG fibers.
Experimental Results
The OEO used for this work is schematized in Fig. 1 . It consists in the modulation of an optical source (tunable laser diode around 1.55 m) by means of an EOM controlled by the optical signal detected after propagation in a few tens of meters long optical delay line. This generates a RF frequency comb whose desired harmonic can be favored by filtering.
For this study, the electronic and fiber parts of the set-up have been installed in two different ovens, the temperature of the electronic part being fixed and that of the fiber part being varied from 298 K to 343 K. Relative thermal variation of the fiber part is obtained by recording the slope of the evolution of the OEO frequency as a function of temperature. The analysis of the different sources of error showed that uncertainty induced by electronic part is the dominant term. Hence, uncertainty on the delay time related to the electronic part has been measured and is found to be equal to AE3 ppm/K. Knowing temperature variation elec and fiber , this uncertainty is then used to calculate the uncertainty on the OEO frequency, and a value of AE0.3 ppm/K is found. The whole set-up is computer-controlled and also allows wavelength scanning. It was used to test different types of fibers: conventional single-mode fiber (SMF28), M-TIR air/silica fibers with classical geometry Table 1 . Note that the SC-PBG fiber has already been described elsewhere [6] .
In the case of conventional and M-TIR fibers, the experimental variation is very similar and is about 7.4 ppm/K (see Fig. 2 ). These results contradict previous reports on M-TIR fibers and deny the interest of M-TIR fibers (at least, M-TIR fibers with classical geometries) for OEO thermal stabilization [3] . Different sources of errorVcarefully investigated in this studyVcould explain the Fig. 1 . Scheme of the OEO composed of an optical part (black) and an electronic part (gray). The amplitude of a CW laser source is modulated by an Electrooptic Modulator (EOM) driven by the RF frequency generated by the delay line.
differences observed: mode hoping of the OEO or impact of the spool on which fiber can be rolled up. For example, it is observed that the experimental variation, in the case of M-TIR fiber, can be as large as 12.2 ppm/K when the fiber is rolled on a conventional spool. Fig. 2 also presents the results obtained for the SC-PBG fiber and highlights that an all-solid fiber (the air-clad playing a minor role on the thermal properties of the core-guided mode) can present a smaller thermal dependence than a conventional fiber. Moreover, a spectral dependence of the relative thermal variation of the group delay is observed: Its value decreases from 6.5 ppm/K to 5 ppm/K as the wavelength is increased from 1540 nm to 1610 nm. Finally, it is seen that the HC-PBG fiber offers the smallest relative thermal variation. In the case of this fiber, S fiber can be as low as 1 ppm/K with a wavelength dependence similar to that observed in SC-PBG fiber but less pronounced.
Theoretical Results and Discussion
In order to predict the effect of temperature on group delay of optical fibers with different geometries, a finite-element method including electromagnetic and mechanics modules has been used. This code includes the effect of temperature through four mechanisms: 1) the transverse thermal deformation of the fiber, which modifies the size of the core and cladding and thus impacts on the mode effective index, 2) the longitudinal deformation of the fiber which changes the fiber length, 3) the strains that develop in the fiber as a result of thermal expansion and alter the effective index through the elastooptic effect, and 4) the change in material index induced by the fiber temperature change (thermooptic effect). Mechanical constants used in this study are listed in Table 2 .
The results of this simulation show, for all the fibers tested, two negligible effects of temperature on the thermal variation of group index: transverse deformation (G 0.001 ppm/K) and elastooptic effect ($ À0.13 ppm/K). Besides this, the longitudinal deformation, which is characterized by the thermal expansion coefficient of the fiber, appears significant and contributes to about 1.5 ppm/K on the relative temperature dependence of group delay. Depending on mechanical constants and polymer/silica/air surface ratios, the thermal expansion coefficients for the different fibers TABLE 1 Characteristics of the MOF tested in this work investigated in this work are between 1.25 ppm/K (HC-PBG) and 1.75 ppm/K (SC-PBG). These values are corroborated by the analytical expression established by Dangui et al. [7] . The other major contribution comes from the thermooptic effect and the expression of the thermal dependence of the refractive index of silica established by Matsuoka et al. has been used to estimate it [8] . This wavelength-dependent contribution leads, at 1550 nm and T ¼ 320 K, to absolute @n Silica =@T and relative ð1=@n Silica Þð@n Silica =@T Þ thermal variations of the refractive index of silica n Silica of 10 ppm/K and 6.9 ppm/K, respectively.
The expression of thermal variation of the group index n g is the sum of the thermal variation of effective index n eff and a term related to the thermal variation of the chromatic dispersion of the effective index
In waveguides, the chromatic dispersion has two origins: 1) the dispersion of material in which the wave propagates and 2) the dispersion provided by the guide itself. To illustrate the influence of the guide, we calculated the group index of a plane wave propagating in the silica glass constituting the core of the fiber by substituting in (3) the effective index by the refractive index of silica, ð@n eff =@T Þ ¼ ð@n Silica =@T Þ. As shown in Fig. 3 , we observe that the material dispersion induces a difference between the thermal variations of refractive index and group index. Accordingly, this material dispersion can reduce the thermal sensitivity in the case of a plane wave. More interesting, we can expect a similar effect induced by the guide itself in order to further reduce the thermal sensitivity.
In order to study the effect of the waveguide, two kinds of MOF have been modeled: an M-TIR fiber ½ðd =ÃÞ ¼ 0 (3) is schematized by area filled with patterns.
TABLE 2
Values of the mechanical constants used in the model (from [7] and [9]) presented in Fig. 4(a) for the M-TIR fiber and indicate that the thermal dependence of the group delay is about 7 ppm/K. This value being corroborated by the results of the experimental study (7.4 ppm/K) presented previously in Fig. 2 . The relative thermal variation of group delay for this fiber geometry, that is, 7 ppm/K at 1550 nm, is the sum of the thermal expansion coefficient of the fiber (1.5 ppm/K) and the thermal variation of group index of a plane wave propagating in the core material (5.5 ppm/K). In conclusion for this fiber geometry, in spite of the presence of air holes close to the core, the thermal variations of group index are primarily induced by material constituting the core of the fiber. This is thus opposed to the conclusions of Kaba et al. [3] . Using the same procedure, SC-PBG fiber has been simulated where the thermal variation of refractive index of the germanium-doped silica inclusions of the cladding is taken larger than that of silica. This result, represented in Fig. 4(b) , shows that the thermal dependence of the group delay is more complex and is notably modified by the guiding mechanism. Thus, we observe that the coupling existing at the edges of the transmission window (around 1350 nm and 1650 nm), between the core-guided mode and the modes localized in the high index inclusions forming the microstructured cladding allows a reduction or an increase of the thermal variation related to the material. This suggests a spectral dependence of the relative thermal variation of group delay related to the guiding mechanism. The trend is very similar to what is experimentally observed (see Fig. 2 ) and depends both on the guide geometry and on the thermal variation of refractive index of the different materials that constitute the guide. This PBG effect is also significant in HC-PBG fiber and is combined to an air core for which the thermal variation of refractive index is close to zero. This leads to the very small temperature dependence reported in Fig. 2 , for which the thermal expansion coefficient of the fiber is now the major contribution. Based on this principle, the use of HC-PBG fiber in the upper wavelength range of the bandgap will lead to negative values of the thermal variation of group delay and, thus, could make it possible to compensate the temperature dependence of the electronic part which, in our case, is about 14.7 ppm/K. This could allow a passive stabilization of the whole OEO by the use of PBG fiber with appropriated working wavelength and fiber length.
Conclusion
The experimental and theoretical study of the thermal dependence of group delay in various kinds of MOF demonstrated that both the material and guide structure impact on this parameter. The interest of PBG guiding mechanism as a mean to decrease thermal sensitivity of systems based on group delay parameter, like OEO, is clearly put in evidence. This is particularly true in the case of HC-PBG fibers for which a sensitivity of about 1 ppm/K has been measured, which suggests that HC-PBG could permit a passive thermal stabilization of the whole OEO. 
